The present knowledge on the association of single nucleotide polymorphisms (SNPs) of lysyl oxidase-like 1 (LOXL1) with pseudoexfoliation syndrome (PEXS) and pseudoexfoliation glaucoma (PEXG) is controversial and inconclusive. This metaanalysis sought to derive a more precise estimation of the effects of LOXL1 SNP loci (rs1048661, rs3825942, and rs2165241) on PEXS/PEXG. Literature searches were conducted on the PubMed, EMBASE, ISI Web of Science, and Cochrane Library databases through October 2013. Twelve studies describing 1810 cases and 1790 controls met the inclusion criteria. The strengths of the associations found through the meta-analysis were assessed with pooled odds ratios and their 95% confidence intervals (CI). A meta-regression analysis was also used to examine the influence of the study and population characteristics. The results indicated that rs1048661 TT carriers had 92.1% and 40.4% less risk of developing PEXS/PEXG than did the controls in the Caucasian and Asian populations, respectively. Carriers of rs3825942 AA or rs2165241 CC also had significantly less PEXS/PEXG susceptibility than did the non-carriers. Meta-regression showed that in Caucasians, the male proportion (slope: 0.272; 95% CI: 0.167-0.376; P = 0.0001) and mean age (slope: 0.796; 95% CI: 0.375-1.217; P = 0.0002) of the PEXS/PEXG subjects correlated positively with the effect of rs3825942 on PEXS/PEXG susceptibility. The meta-analysis suggested that LOXL1 rs1048661 TT, rs3825942 AA, and rs2165241 CC were associated with a reduced risk of developing PEXS/PEXG.
Introduction
Pseudoexfoliation syndrome (PEXS) is an age-related systemic disorder that is the most common cause of secondary glaucoma worldwide and the most frequent cause of unilateral glaucoma [1, 2] . In addition, PEXS progresses to pseudoexfoliation glaucoma (PEXG), which responds poorly to medical therapy in comparison to other types of glaucoma and can lead to the rapid progression of optic nerve damage [3] .
Despite its worldwide distribution, there is a clear tendency for PEXS to cluster geographically and in certain racial or ethnic subgroups [4] . Furthermore, PEXS has a strong familial association [5] . The underlying causes of the different prevalence rates between age-matched geographical and ethnic populations remain unknown, but appear to be related to variation in genetic background [5, 6] . Lysyl oxidase-like 1 (LOXL1) is a member of the lysyl oxidase gene family and is essential to the biogenesis of connective tissue [7] ; it encodes an extracellular copper-dependent amine oxidase that catalyzes the first step in the formation of crosslinks in collagens and elastin [7, 8] . A highly conserved amino acid sequence at the C-terminus appears to be sufficient for amine oxidase activity, suggesting that all family members may retain this function. A fibrillar, proteinaceous substance, is produced in abnormally high concentrations within the ocular tissues of patients with PEXG, and LOXL1 may be relevant to its formation [9, 10] .
A genome-wide association study identified three common single nucleotide polymorphisms (SNPs) in the LOXL1 gene on chromosome 15q24.1 that were strongly associated with pseudoexfoliation syndrome [11] . The LOXL1 polymorphisms included one intronic SNP, rs2165241, located within the first intron, and two non-synonymous coding SNPs, rs1048661 and rs3825942, located within the first exon. The association of LOXL1 with PEXS/PEXG has recently been confirmed in several different populations [12, 13, 14, 15, 16] . However, the reported associations are controversial and inconclusive due to factors including the limited sample sizes,different ethnicities, and genotyping procedures [17, 18] . Believing a meta-analysis would provide more credible evidence by systematically summarizing the existing data, we gathered eligible studies to investigate the association between the LOXL1 gene polymorphisms and susceptibility to PEXS/PEXG.
Materials and Methods

Search strategy
The PubMed, EMBASE, ISI Web of Science, and the Cochrane Library databases were electronically searched for case-control studies published through October 2013 that examined the association of the LOXL1 gene polymorphisms with the PEXS/PEXG susceptibility. The search strategy was based on a combination of ''(lysyl oxidase-like 1 OR LOXL1) AND (gene OR variants OR polymorphism OR alleles OR mutation) AND (pseudoexfoliation syndrome OR pseudoexfoliation glaucoma)''. We also manually searched references in key articles. The language was limited to English.
Selection criteria
The inclusion criteria were as follows: (a) evaluation of the association of the LOXL1 gene polymorphisms with the PEXS/ PEXG risk; (b) case-control studies; (c) sufficient published data for estimating an odds ratio (OR) with a 95% confidence interval (CI); and (d) PEXS was diagnosed as the presence of pseudoexfoliative material on the anterior lens capsule after maximal pupil dilatation. PEXG was diagnosed if patients had typical features of PXFS and all of the following: an initial intraocular pressure of at least 22 mm Hg, glaucomatous optic disc changes, visual field defects consistentent with optic nerve damage, and no evidence of other conditions causing secondary glaucoma [19] .The study authors were contacted for supplemental data if the information was not available in the publication. The studies with overlapping patient samples were excluded, and only the studies with the larger numbers of patients were included. Two of the authors independently identified and reviewed each relevant paper, and disagreements were reconciled through group discussion.
Data extraction
To show the relationship between the LOXL1 gene polymorphisms and PEXS/PEXG risk, the most strongly and independently associated SNPs were selected for the analysis (rs1048661, rs3825942, and rs2165241). Information regarding the following aspects was retrieved from each study according to a fixed protocol: study design; geographical location; population ethnicity, definition and numbers of cases and controls; DNA extraction and genotyping methods; frequency of the genotypes; mean age of the patients; and proportion of the patients who were male. When the studies included subjects of more than one ethnicity, the genotype data were extracted separately for each ethnic group. The genetic equilibrium of the LOXL1 gene for the control group of each study was evaluated by testing for Hardy-Weinberg equilibrium (HWE) using chi-square analyses [20] . A state of disequilibrium was defined as a P value ,0.05.
Statistical analysis
A summary OR with a 95% CI was calculated to assess the strength of the association of the LOXL1 gene polymorphisms with the PEXS/PEXG risk. The OR of each study was first calculated in a 262 table. Pooled ORs for the risk were then calculated for the allele frequency comparison and the additive, dominant, and recessive models. The between-study heterogeneity was evaluated with a Q statistic, and a P value ,0.1 was considered statistically significant [21] . If the P value was .0.1, a fixed-effect model was used for the meta-analysis; otherwise, a random-effect model was used. The significance of the pooled OR was determined with the Z-test, and P,0.05 was considered statistically significant.
To consider the possible sources of heterogeneity, we stratified the studies by ethnicity and repeated the analysis separately for each group. Furthermore, we performed a meta-regression analysis to assess the influence of the population characteristics [22] . We also performed sensitivity analyses, serially excluding studies to determine the sources of heterogeneity and assess the stability of the results. The Begg funnel plot asymmetry wasassessed with Egger linear regression tests, a linear regression approach that measures funnel plot asymmetry on the natural logarithm scale of the OR. The significance of the intercept was determined by the t-test suggested by Egger, with P,0.05 considered to represent statistically significant publication bias [23] .
All calculations were performed using the Comprehensive Meta-Analysis computer program version 2 (Biostat, Englewood, NJ, USA).
Results
Characteristics of the articles in the analysis
The first search retrieved 83 articles. After eliminating the 60 studies not related to the topic, 23 potentially relevant studies were identified for further evaluation. In these studies, the titles or abstracts indicated that they evaluated the association between the LOXL1 gene polymorphisms and PEXS/PEXG susceptibility; Table 1 . Main characteristics of all studies included in the meta-analysis. however, some studies did not meet all of the study inclusion criteria. Ultimately, 11 studies were excluded because they were undesirable article types (review or letter; n = 8), had overlapping patient samples (n = 1) [24] , insufficient data (n = 1) [25] , or were not related to the three SNPs (n = 1) [26] . Finally, 12 studies with a total of 1810 cases and 1790 controls were included in the analysis. Figure 1 shows the flowchart for the study selection. Table 1 shows the primary characteristics of the studies included in this meta-analysis. All of the studies used healthy control subjects, and the sample sizes ranged from 66 to 1133. The studies originated from Europe (n = 5) [12, 14, 27, 28, 29] , Asia (n = 6) [13, 15, 17, 18, 30, 31] , and Latin America (n = 1) [16] . Two studies extracted only the allele frequencies [12, 17] . The study by Park et al. [18] represented the data as (minor homozygosity + heterozygosity)/(major homozygosity). There were no significant differences between the case and control subjects with respect to age distribution.
Quantitative synthesis
Association of the rs1048661 T/G polymorphism with PEXS/PEXG. Twelve studies evaluated the association between the rs1048661 T/G polymorphism and the risk of developing PEXS/PEXG. For the combined group data, significant associations between rs1048661 and susceptibility to PEXS/ PEXG were observed for the additive, dominant, and recessive models, but not for the allele frequency comparison (Table 2) . In a subgroup analysis performed by ethnicity, the pooled OR for the Caucasian population indicated a significantly decreased risk for PEXS/PEXG in the dominant (Figure 2) , recessive, and TT versus GG additive models (Table 2 ). For the Asian population, the dominant ( Figure 2 ) and two additive models showed a significant association between rs1048661 and a reduced susceptibility to PEXS/PEXG, while the allele frequency comparison and recessive model did not (Table 2) . No significant associations were found in the Latin American population.
Association of the rs3825942 A/G polymorphism with PEXS/PEXG. The twelve studies contained data regarding the association of the rs3825942 A/G polymorphism with the susceptibility to PEXS/PEXG. In comparison with the control group, the association between rs3825942 and decreased susceptibility to PEXS/PEXG was significant in all genetic models (Table 3) . Furthermore, in the subgroup analysis by ethnicity, the genetic models showed a significant association between rs3825942 and a reduced susceptibility to PEXS/PEXG in the Caucasian and Asian populations (Table 3; Figure 3 ). In the Latin American population, the allele frequency comparison and the dominant model showed significant associations (Table 3 ) and a reduced risk (Figure 3) .
Association of the rs2165241 C/T polymorphism and PEXS/PEXG. Eight studies contained data for the rs216524 C/ T polymorphism. The association between rs216524 and suscep- , inconsistency index; OR, odds ratio; PEXG, pseudoexfoliation glaucoma; PEXS, pseudoexfoliation syndrome; SNP, single nucleotide polymorphism; vs., versus. Bold text: significant odds ratio (P,0.05) and significant between-study heterogeneity (P,0.1). # Publication bias could not be tested because a minimum of 3 studies were required. doi:10.1371/journal.pone.0090331.t002 Figure 2 . Forest plots for associations between rs1048661 T/G (TT+TG vs. GG) and PEXS/PEXG stratified by ethnicity. The first author of the study and year of publication are shown for each citation. The squares and horizontal lines correspond to the study specific odds ratio (OR) and 95% confidence interval (CI), respectively; the diamonds represent the pooled OR and 95% CI. doi:10.1371/journal.pone.0090331.g002 Table 3 . Summary of pooled odds ratios for the association of rs3825942 and PEXS/PEXG in the meta-analysis. tibility to PEXS/PEXG was significant in all genetic models (Table 4) . Furthermore, the subgroup analysis showed that all ethnicities had significant associations for all of the genetic models (Table 4) and reduced susceptibility to PEXS/PEXG (Figure 4 ).
Between-study heterogeneity analysis
The Q-test suggested significant between-study heterogeneity for several of the pooled models for each of the SNPs (Tables 2, 3 , and 4). To examine the possible sources of heterogeneity, the studies were stratified by ethnicity, but the inconsistency index did not substantially decrease. We therefore performed a metaregression analysis to assess the influence of the study characteristics on the effect estimates.
The male proportion and mean age of the subjects did not significantly affect the influences of rs1048661 and rs2165241 on PEXS/PEXG susceptibility. In contrast, for the effects of rs3825942 on PEXS/PEXG risk in Caucasians, a significant influence was detected for both the male proportion ( Figure 5A ; slope: 0.272; 95% CI: 0.167-0.376; P = 0.0001) and mean age ( Figure 5B ; slope: 0.796; 95% CI: 0.375-1.217; P = 0.0002) of the subjects.
Sensitivity analyses
Although the genotype distribution in four of the studies did not follow Hardy-Weinberg equilibrium [16, 27, 28, 29] , the corresponding pooled ORs were not materially altered with or without including these studies (data not shown). In addition, the sensitivity analyses indicated that no single study had undue influence on the pooled OR results.
Publication bias
A Begg funnel plot analysis and Egger tests were used to access the publication bias of the literature. The shapes of the funnel plots of dominant models for the SNPs did not reveal evidence of obvious asymmetry ( Figure S1 ).The Egger test results suggested that no publication bias was found in any of the comparison models (Tables 2, 3 , and 4).
Discussion
PEXS/PEXG is a disorder characterized by the accumulation of abnormal fibrillar deposits in the anterior segment of the eye. LOXL1, which serves both as a cross-linking enzyme and an element of the scaffold to ensure spatially defined deposition of elastin and collagen substrates [7] , was recently identified by genetic linkage studies as associated with a susceptibility to PEXS/ PEXG [14, 15, 31] . A large number of high-frequency SNPs have been identified for this gene [11, 26] . After screening these SNPs with the selection criteria, the rs1048661 T/G, rs3825942 A/G, and rs2165241 C/T polymorphisms were chosen to examine for their association with PEXS/PEXG susceptibility in this metaanalysis.
Our results indicated that rs1048661 TT carriers had 92.1% and 40.4% less risk of developing PEXS/PEXG than did the controls in Caucasian and Asian populations, respectively, but had no influence on the susceptibility in the Latin American population. Carriers of rs3825942 AA or rs2165241 CC also had significantly less risk of developing PEXS/PEXG than did the non-carriers. Despite the ethnic heterogeneity in the LOXL1 genotypes and the consequent variable susceptibility to PEXS/ PEXG, the rs1048661, rs3825942 and rs2165241 SNPs may provide a powerful diagnostic tool to identify subjects who are more likely to develop PEXS/PEXG.
The analyses for heterozygosity of the variants are probably due to chance; the studies with small sample sizes for the minor homozygous alleles in PEXS/PEXG subjects would have insufficient statistical power to detect slight effects, or they may have generated a fluctuated risk estimate. Given this situation, our evaluation of the effects associated with heterozygosity for the variants in our analysis should be interpreted with caution.
In meta-analysis studies, heterogeneity could potentially restrict the interpretation of the pooled estimates, and ethnicity could play a role in determining the heterogeneity among studies. The different allele frequencies among the different ethnicities were a strong cause of the heterogeneity, leading us to do a subgroup analysis stratified by ethnicity; however, this resulted in no substantial decrease in the heterogeneity. Although applying a random effect model allowed us to estimate the effects of the different studies, we also performed a meta-regression to assess the influence of the population characteristics on the effect estimates. The results showed that the male proportion and mean age of the PEXS/PEXG patients positively correlated with the effect of SNP rs3825942 on the PEXS/PEXG susceptibility in the Caucasian population [32] . Although our study cannot explain how LOXL1 interacts with gender and mean age, the correlations between them in the Caucasian population could be the primary cause of the heterogeneity. Considering the LOXL1 SNP genotypes together with these clinical predictors (gender and mean age) may allow for greater accuracy in predicting the probability of developing PEXS/PEXG.
To our knowledge, this study is the first meta-analysis to assess the association of the LOXL1 polymorphisms with PEXS/PEXG. This statistical method increased the power to detect and quantify an effect, and it provided a control for population differences that could lead to spurious associations if there are differences in gene frequency among the groups. Furthermore, this method allowed us to confirm the reliability and stability of the meta-analysis by performing publication bias and sensitivity analyses.
Some limitations of this study should be taken into consideration. First, the study populations were primarily Caucasian and Asian. The subgroup meta-analysis for ethnicity had little or no information for other ethnic groups. Thus, strengthening the statistical power will require more data from other ethnic groups. Second, although we were able to discern a significant association between the LOXL1 polymorphisms and susceptibility to PEXS/ PEXG in the Caucasian and Asian populations, the sample size after pooling the existing studies was still relatively small. Third, the lack of available data prevented an adjustment for subgroup factors such as age, gender, and other variables that can interact with genetic factors to influence the marginal association estimates between the SNPs and PEXS/PEXG susceptibility. Should such data become available, a more precise analysis allowing for the adjustment of other covariates such as age, family history, environmental factors, and lifestyle would be feasible.
In summary, despite its limitations, this meta-analysis identified an association between the LOXL1 rs1048661, rs3825942, and rs2165241 polymorphisms and the risk of developing PEXS/ PEXG. Future studies with larger sample sizes and additional ethnic groups are required to further clarify the association of the polymorphisms with the incidence of PEXS/PEXG, and these studies should consider gene-gene and gene-environment interactions in the analysis. Such studies should lead to a more comprehensive understanding of the influence of the LOXL1 gene polymorphisms on susceptibility to PEXS/PEXG. Author Contributions
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